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Human colour discrimination based on a
non-parvocellular pathway
Tom Troscianko*, Jules Davidoff†, Glyn Humphreys‡, Theodor Landis§, 
Manfred Fahle¶, Mark Greenlee#, Peter Brugger§ and William Phillips¥
Background: Traditionally, colour information is assumed to be carried by neural
channels in the parvocellular pathway and to be encoded in an opponent
manner, while other, non-parvocellular, spectrally non-opponent channels are
thought to play no part in colour vision. But is the parvocellular pathway the only
way that colours can be discriminated in human vision? We studied two patients
with cerebral achromatopsia, who lack conscious colour perception but are
nevertheless able to make use of colour information. In particular, we
investigated whether, in these patients, colour discrimination is mediated by the
parvocellular pathway.
Results: The achromatopsic patients carried out a forced-choice colour- and
luminance-discrimination task, and showed clear evidence of unconscious colour
processing, consistent with previous studies. We added different types of
luminance noise to see when this unconscious colour information could be
masked. The results of the colour-discrimination-with-noise and the brightness-
non-additivity experiments showed a double-dissociation between patients. This
indicates that, in one patient, unconscious colour discrimination may be
subserved by a spectrally non-opponent mechanism, which does not have the
characteristics of the parvocellular pathway and which is responsive to fast
flicker. Spectral sensitivity, contrast sensitivity and motion perception
experiments confirmed that this patient lacks a working opponent parvocellular
system. The second achromatopsic patient showed evidence of a residual
parvocellular system.
Conclusions: Our results show that chromatic discrimination need not be
mediated by neural mechanisms, the parvocellular system in particular, normally
assumed to subserve conscious colour perception. Such discrimination may be
mediated by a neural subsystem which responds to fast flicker, is spectrally
non-opponent, and supports normal motion perception.
Background
The neural basis of colour vision appears to be well-estab-
lished. There are three cone types in the retina, and the
signals produced by these are encoded so that the visual
system obtains opponent signals — red–green (R–G) and
yellow–blue (Y–B), where Y = R + G, which signal the
chromatic response of the system, and a further signal
(R + G) that gives the visual system’s luminance (achro-
matic) response [1,2]. How does this view relate to what is
known about post-receptoral visual pathways? 
These visual pathways are known to be divided into two
distinct types, ‘fast’ and ‘slow’ [3], which recent terminol-
ogy refers to as the magnocellular (‘M’) and parvocellular
(‘P’) pathways, respectively [4]. The magnocellular system
is commonly regarded as being colour-blind, and being
involved primarily in the perception of certain kinds of
motion [5]. It is thought to receive summed inputs from
the R and G cones (and so to be spectrally non-opponent),
and is responsible for the photopic spectral sensitivity
function, V(l), from which luminance is defined [6–9].
This pathway receives no input from B cones.
The parvocellular system mediates both colour vision,
being the site of the chromatic opponent responses
described above, and high-acuity luminance vision
[2,5,7,10]. This pathway receives inputs from all three
cone types, and so is a suitable carrier of chromatic infor-
mation. There can be no doubt that, without this pathway,
we could not have the rich experience of colour vision; but
it may not be the only route by which chromatic informa-
tion is transmitted. There is physiological evidence sug-
gesting that the magnocellular system can detect borders
between isoluminant colours (colours of equal luminance)
[5,11,12], and evidence is emerging that there is a further
system, known as the koniocellular (K) system, which
sends projections to the primary visual cortex, but whose
functional characteristics are as yet unknown [13]. To
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what extent do such non-parvocellular systems contribute
to the discrimination of colour in humans? It is possible,
even likely, that if non-parvocellular systems do con-
tribute to chromatic discrimination, they may not generate
a conscious percept of colour; any non-parvocellular chro-
matic effect must therefore be studied using performance
criteria rather than subjective experience.
Our question, then, is whether the human visual system
can perform colour discrimination without using the
specific comparisons known to exist in the parvocellular,
opponent system. We have examined this issue by study-
ing patients with cortically-based impairments of colour
vision, as damage to the primary colour pathway might
reveal the function of an alternative, almost certainly
weaker, pathway. We tested two subjects with cerebral
achromatopsia [14]; patients with this condition report
seeing the world in ‘shades of grey’ but can, paradoxically,
detect borders between isoluminant colours without being
able to name the colours [15–17]. It is therefore likely that
there is some residual colour vision in such patients, but
their main neural pathway either is completely function-
less and the information is being processed through a sec-
ondary system, or the main pathway may not be providing
a clear output to whichever system subserves the con-
scious perception of colour. In either case, it is of interest
to see how the residual, unconscious, colour vision works.
Evidence from the patient of Heywood et al. [16,18] sug-
gests that a residual parvocellular opponent system
response may be responsible.
Our first experiment was designed to establish whether
the two patients could process colour information. The
subjects had to make a ‘same’ or ‘different’ judgement
about two parts of an image, spatially separated on a
display monitor. The parts of the image differed in lumi-
nance, colour, or colour and luminance together, allowing
us to test whether the subjects’ discrimination perfor-
mance improved when there was a colour difference as
well as a luminance (intensity) difference. Such an
improvement would be indicative of the (unconscious)
use of colour information. To investigate which neural
channels were responsible for any such improvement in
performance, luminance noise could be added to the
display; the temporal frequency of this noise could be
made to affect primarily the parvocellular or magnocellular
systems.
This experiment yielded clear evidence of unconscious
colour processing in both subjects, but suggested that one
subject was using a residual parvocellular system, whereas
the other was using a non-parvocellular system. A bright-
ness non-additivity test [18–20] was also carried out on
both subjects, in which the brightnesses of red and green
fields were matched to a yellow field; the reds and greens
look brighter than a yellow at the same luminance, and this
is assumed to be a particular feature of the parvocellular,
opponent system. We predicted normal (non-additive)
results for one subject, but perfectly additive results for the
other subject. This prediction was upheld, sustaining the
hypothesis that the latter subject had no functioning parvo-
cellular system that could process colour information.
Several further experiments were performed on this latter
subject. One test examined his spectral sensitivity func-
tion (the amount of energy needed to detect a monochro-
matic test spot on a white or dark background), and the
results were again consistent with a loss of the parvocellu-
lar system. We also measured his spatio-temporal contrast
sensitivity (the amount of contrast required to detect a
grating whose luminance varies sinusoidally as a function
of space and time). We predicted that a loss of the parvo-
cellular system should be evident in a particularly marked
loss of high spatial and low temporal frequencies. The
predicted pattern of results was observed. Finally, we
tested his motion perception [21], which established that
this subject has relatively undamaged non-parvocellular,
motion-detecting systems.
We interpret these results as indicating that a non-parvo-
cellular system may be used to process colour information
in human vision. Such a system is additional to the main
parvocellular system and does not contribute to colour
perception; rather, it can use colour information to obtain a
stronger signal in a non-colour task such as brightness dis-
crimination. Colour information may therefore modulate
the perception of other attributes in an unconscious
manner.
Results
Red–green colour- and luminance-discrimination task
with added noise
In this experiment, the two achromatopsic subjects, HJA
and WM (see Materials and methods) were presented
with a display in which the top and bottom parts were the
same, or differed in colour, luminance, or both. Their task
was to say which of two images (presented sequentially in
time) contained a difference between the two halves of
the display. They were not required to say what the dif-
ference was, just when it occurred. To prevent the task
being possible simply by noticing a local discontinuity in
the image, a white buffer strip was added between the
two halves of the display in most tests [16]. Luminance
noise was added to the display in some tests; the addition
of noise makes the task harder, by forcing the system to
integrate across the image before a correct response can
be computed. However, such noise can only make the
task harder if it can be encoded by the particular system
which is responsible for that subject’s chromatic discrimi-
nation. Dynamic (25 Hz) noise cannot be encoded by the
parvocellular system, whereas static noise is optimally
encoded by this system and only poorly encoded by the
magnocellular system. Figure 1 shows examples of the
stimuli used in this experiment (which is discussed in
detail in Materials and methods).
The two subjects were tested with a variety of stimuli; dif-
ferences between the ‘monochrome’ (green–green) and
‘red–green’ curves in the graphs shown in Figure 2 indi-
cate the extent to which colour information was used by
each subject. A subject with truly monochrome perception
would give identical results in the two cases (this was veri-
fied using a subject who was a congenital dichromat; data
not shown). In general, both patients’ monochrome and
red–green curves were not coincident, indicating that
chromatic information was available to their visual systems
in some form. HJA’s performance on red–green discrimi-
nation was poor with static noise and improved with
dynamic noise, whereas WM showed the opposite trend.
In the white-buffer, no-noise condition (in which the top
and bottom fields of the stimulus were uniform), HJA
gave results similar to his results with dynamic noise; for
WM this condition gave results similar to the ones with
static noise. The similarity between the no-noise and the
25 Hz-noise conditions for HJA implies the action of a par-
vocellular system as, in both these cases, this ‘sees’ a
clean, noise-free image. For WM, on the other hand, the
similarity lies between the no-noise and static-noise con-
ditions, which both look fairly clean to a fast, non-parvo-
cellular system. Both subjects performed poorly given
noisy monochrome stimuli, although somewhat better
than chance, whereas an age-matched control subject gave
sharper tuning curves and was making virtually no errors
by 20 % contrast.
These results suggest that HJA may be somewhat similar to
the patient of Heywood et al. [16,18], using a residual parvo-
cellular system to distinguish between the colours, whereas
WM may be using a non-parvocellular system. The inclu-
sion of a bright white buffer strip between the two hemi-
fields made discrimination impossible at isoluminance
when there was added noise; without such a buffer strip
both subjects were above-chance for all ‘with-noise’ lumi-
nance contrasts in the red–green conditions. However, HJA
could obtain above-chance results in the no-noise, white-
buffer condition, whereas the subject of Heywood et al. [16]
could not. Note also that the ‘isoluminance’ point of subject
WM did not coincide exactly with that predicted by flicker
photometry, but was occasionally shifted 10 % along the
contrast axis. However, this particular red–green contrast
level produced data at chance on two subsequent occasions,
and shifts of static isoluminance have been observed in
many studies on normal subjects (possibly because of the
dependence of the match point on spatial frequency).
Were display artefacts responsible for these results? It
could be that subjects may not detect colour modulation
but do detect small differences in the perceived contrast
of the noise in the red and green fields. We discount this
explanation for three reasons. Firstly, there was a con-
trast value at which WM’s performance was at chance
(see Fig. 2b). It remained so on two further occasions.
Secondly, we tested a congenital dichromat with the
same conditions, and obtained chance performance over
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Figure 1
Examples of the stimuli used in the red–green colour and luminance
discrimination task. All examples shown include a white buffer strip and
static noise. The subject’s task was to identify the target stimulus
which was randomly presented either before or after the non-target
stimulus. The differences between target and non-target stimuli could
be of colour, or luminance or both. (a) A red–green target stimulus. (b)
A red–green non-target stimulus. (c) A monochrome target stimulus.
(d) A monochrome non-target stimulus.
a 10 % range of contrasts about the isoluminant point.
Finally, the similarity of the ‘no-noise’ data and the data
where noise had little effect on performance (dynamic
for HJA, static for WM) suggest that discrimination was
Research Paper  Non-parvocellular colour discrimination Troscianko et al. 203
Figure 2
Results of discrimination experiments for both
patients under four conditions: (a) static
(0 Hz) noise and no buffer between the two
fields; (b) static noise and a bright white buffer
between the two fields; (c) dynamic (25 Hz)
noise and a bright white buffer between the
two fields; and (d) no noise and a bright white
buffer between the two fields. In all cases, the
task was to identify the temporal interval in
which the top of the stimulus was different
from the bottom. The chance performance
level is 50 %. The monochrome curves refer to
stimuli differing only in the luminance of top
and bottom halves. The red–green curves
represent exactly the same luminance
information as in the monochrome stimuli, but
with the addition of a red–green chromatic
difference. The ordinate in each graph is the
proportion of errors made; error bars represent
standard deviation about the mean.
not occurring as a result of the noise microstructure of
each stimulus pattern.
Brightness additivity task
We hypothesized that WM was basing his improved per-
formance in the red–green tests on a neural subsystem that
was not the parvocellular system, as 25 Hz noise abolished
the chromatic contribution (a frequency to which the par-
vocellular system is insensitive). In order to increase confi-
dence in this hypothesis, we required a second dissociation
between WM and HJA in a different test. In the bright-
ness-additivity test, the subject is required to match the
perceived brightness of a monochromatic yellow reference
field to red, green and yellow test fields. Normal subjects
see the red and green stimuli as being considerably
brighter than a yellow field of the same luminance. This
effect is known as brightness non-additivity [19,20], and is
assumed to be a direct consequence of the spectral oppo-
nency of the parvocellular pathway [20]. We predicted that
the results for HJA should be the same as those of the
normal control subjects (non-additive), whereas those for
WM should show perfect additivity.
As shown in Figure 3, the results for HJA were non-addi-
tive and in the normal range (comparable to the four
control subjects), whereas WM displayed perfect additiv-
ity — his visual system based its perceived brightness
purely on the luminance of light of different wavelengths.
This is not a characteristic of the opponent parvocellular
system, and strongly implies the action of a non-opponent
system. Note that this result cannot arise as a consequence
of inhibition of the parvocellular system by the magnocel-
lular system as there was no energy at high temporal-fre-
quencies in this static stimulus. This experiment cannot
prove that the magnocellular system in WM was perform-
ing chromatic discrimination, as no such discrimination
was required here, but tends to exclude the possibility of a
strong parvocellular involvement in his vision. However, it
is occasionally found that some subjects with normal
vision show additive data (J.D. Mollon, private communi-
cation), and further experiments were required to rule out
the action of a parvocellular system in WM.
Spectral sensitivity test
We tested the spectral sensitivity function of WM by mea-
suring the amount of energy needed to detect a monochro-
matic test spot on either a light or a dark background.
King-Smith and Carden [22] originally established that, in
normal subjects, a light-adapting field gave a function with
three peaks around 450, 525 and 600 nm, whereas a dark-
adapting field gave a single peak around 550 nm. A three-
peaked function is assumed to indicate the action of a
spectrally opponent parvocellular system, whereas a single-
peaked function is obtained from any spectrally non-oppo-
nent system. Note that the patient of Heywood et al. [16]
produced a spectral sensitivity curve with three peaks,
exactly as expected if that patient had a functioning oppo-
nent (P) system. As shown in Figure 4, the results of this
test on WM all showed a single peak at around 550 nm (the
V(l) function), whether on a dark- or a light-adapting field.
We conclude that WM did not use opponent channels in
either condition. Two normal subjects were tested as a
control, and they showed a normal set of results (three
peaks on a light-adapting field; one peak on a dark field).
Spatio-temporal contrast sensitivity test
Figure 5 shows the results obtained in the determination
of contrast sensitivity for WM and an age-matched control
subject. We predicted a reduced loss compared to a normal
age-matched control at low spatial and high temporal fre-
quencies, which are characteristic of the frequencies that
are not encoded by the parvocellular system. Compared to
the control subject, WM had least sensitivity loss at the
highest temporal frequency and two lowest spatial fre-
quencies tested (10 Hz, 0.25 and 0.5 c/deg). This, together
with his poor suprathreshold discrimination (Weber frac-
tions of around 40 %), was in keeping with a lack of a
parvocellular system and a paucity of frequency-tuned
channels, which are numerous in the parvocellular system.
Motion perception test
In order to determine whether WM had a reasonably well-
functioning pathway other than the parvocellular pathway,
we carried out a ‘missing-fundamental’ apparent-motion
stimulus test (based on that described in [21]). As the
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Figure 3
Results of experiment to measure the extent of brightness non-
additivity in the two patients and four normal control subjects. The
‘additivity ratio’ shown on the ordinate is about 0.4–0.5 for normal
subjects and HJA. WM has an additivity ratio of unity, implying that the
brightness of red, green and yellow stimuli is accurately predicted by
their luminance. HJA’s results are similar to those of four control
subjects with normal colour vision. Error bars represent standard
deviation about the mean.
magnocellular pathway is assumed to be involved in the
processing of motion and feeds to visual area 5 (V5), which
is assumed to be the equivalent of area MT in monkeys
[23], we would expect a less-damaged pathway of this
kind to result in essentially normal perception of motion.
This particular test presents subjects with a ‘missing-
fundamental’ compound grating which can appear to
move in one of two directions depending on the inter-
stimulus interval between successive frames [21]. It is
therefore very sensitive to any abnormalities in motion
perception, as it puts two forms of motion sensing (feature
and energy based models) into opposition and yields a
very precise balance point between the two.
The ordinate of the graph shown in Figure 6 shows the
percentage of ‘feature’ responses (where the subjects were
reporting the motion which would be expected if they
were basing the percept on the motion of features (fixed-
polarity edges) in the grating stimulus. The abscissa shows
the interstimulus interval (ISI) between successive frames
of the apparent motion stimulus. The control subject (AL)
and WM showed a changeover between mostly ‘energy’
and ‘feature’ motion at ISIs of about 40 milliseconds. We
therefore conclude that WM has essentially normal feature
and energy motion detecting systems. Subjectively, WM
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Figure 5
Ratios of spatiotemporal contrast sensitivity of WM and an age-
matched control subject with no known clinical abnormality. The data
are plotted such that the shorter the excursion of the vertical bar below
zero, the less pronounced the loss at that spatiotemporal frequency
compared to the control subject. Note that WM’s loss is least severe
at low spatial and high temporal frequencies.
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Results of spectral sensitivity experiments for the detection of an
incremental 2 deg (approximately) test spot with a 500 msec duration,
presented on a light (19 cd m–2) or dark (0.3 cd m–2) background.
Parvo opponent coding predicts three peaks around 450, 525 and
600 nm; non-opponent coding predicts a single peak around 555 nm.
Normal subjects are expected to show three peaks on a light adapting
background and a single peak on a dark background. WM’s function
always had a single peak, implying a lack of opponent processing.
Data from the two control subjects with normal colour vision
conformed to normal expectations.
reported that the motion in these stimuli was clear and
easy to see.
Discussion
HJA’s chromatic discrimination appears to be mediated by
a system that is insensitive to 25 Hz flicker. The most
likely candidate is a residual parvocellular system which is
fragile and therefore strongly affected by the presence of
static noise, to which it is very sensitive. The results of the
additivity experiment suggest that HJA has a normal par-
vocellular colour system. This, and the fact that perfor-
mance is unimpaired by the addition of 25 Hz noise,
suggests that the chromatic discrimination is achieved by
this system. Such a result is broadly similar to the results
of Heywood et al. [16,18], although there are some differ-
ences (in particular, HJA performs above chance in the no-
noise condition at isoluminance, whereas the subject of
Heywood et al. [16] drops to chance in this condition).
WM appears to discriminate colours using a system which
is sensitive to 25 Hz flicker. This makes it unlikely to be
the opponent parvocellular system or the non-opponent
parvocellular system (which is also insensitive to this tem-
poral frequency). Although it is not possible to prove that
his chromatic discrimination is mediated by a non-oppo-
nent system such as magno, we made a series of predic-
tions about expected results in other visual tasks which
were sensitive to the existence (or otherwise) of an oppo-
nent parvocellular system.
The five experiments described above demonstrate that
WM lacks a working opponent parvocellular system, and
that he appears to have a normal non-opponent fast
system which subserves the perception of motion and
flicker and is tuned to relatively low spatial and high tem-
poral frequencies. It is therefore tempting to assume that
WM bases his unconscious chromatic discrimination on
this non-opponent magnocellular (or other fast) system.
We can rule out artefactual explanations of the chromatic-
discrimination task, such as ‘structure-from-wavelength’ in
the noise field, because for both patients, the results of the
no-noise condition closely mirrored the results when
‘ineffectual’ noise was added to the display. The ineffec-
tual noise for HJA was dynamic noise whose temporal
frequency was virtually undetectable by the parvocellular
system, which we assume to mediate his performance.
The ineffectual noise for WM was static noise, which is a
relatively poor stimulus for the fast non-opponent system.
However, we stress that the conclusion that WM bases his
chromatic discrimination on a non-opponent fast system
remains indirect and therefore tentative.
Taken together, our experiments suggest that WM has a
very different neural subsystem to HJA for his covert chro-
matic discrimination. Therefore, there is more than one
kind of cerebral achromatopsia, with HJA and other achro-
matopsic subjects (particularly MS, the subject tested by
Heywood et al. [16,18]) relying on a residual parvocellular
pathway. WM, while sharing many similarities with HJA
(particularly achromatopsia, agnosia and prosopagnosia),
appears to have a very different set of channels in his early
visual system. His case appears to challenge the idea that
chromatic discrimination, whether conscious or uncon-
scious, must arise from the action of an opponent parvo-
cellular system.
What is a non-opponent system that may be capable of
chromatic discrimination? In any system in which there
are units tuned to several ranges of a particular variable
(such as wavelength), the response of any one unit is
intrinsically ambiguous. For example, a given change in
cone response may arise from a change in wavelength or
else from a change in intensity. It is therefore necessary to
compare the responses of a population of tuned units (in
this case, cones) to establish the value of the perceptual
attribute. Opponency is a way of achieving this, as the
quantum catches in the different cone types are com-
pared. However, the particular comparisons used in colour
opponency (red–green, yellow–blue) are not the only pos-
sible way to extract this information. Different mecha-
nisms are assumed to exist for other attributes. An
example here is orientation. While the output of a single
orientation-tuned unit must also be ambiguous (depen-
dent on both orientation and contrast), it is often assumed
that the centroid of a distribution of responses from units
tuned to different orientations can give a measure of
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Figure 6
The percentage of reported ‘feature motion’ in a missing-fundamental
motion stimulus test based on that of Georgeson and Shackleton [21].
The abscissa of the graph shows the interstimulus interval (ISI) between
successive frames of the apparent-motion stimulus. The transition from
‘energy’ to ‘feature’ motion at ISIs around 40 msec is very similar for
both WM and the control subject, AL, as is the general shape of the
function. The implication is that WM’s motion processing is normal.
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central tendency which lacks the above ambiguity [24].
The definition of a centroid of three units (such as the
three cone types) would be:
c = (rR + gG + bB)/(r + g + b)
where r,g,b are the magnitudes of response in each unit
type, and R,G,B are the weights given to the three units
(for example, relating to position on the wavelength axis).
The measure c is a value which could subserve chromatic
discrimination without requiring any opponency as defined
normally. We are not suggesting that the above equation
accounts for WM’s performance, but rather that a non-
opponent determination of colour is possible in principle.
If the parvocellular system is not mediating WM’s residual
colour discrimination, what alternative system might be
involved? An obvious candidate is the magnocellular
system. Evidence is emerging that this can respond to iso-
luminant edges [11]. It certainly has the right kind of tem-
poral-frequency tuning to be effectively masked by the
25 Hz noise stimuli used in this study. But, while there is
some prima facie evidence for arguing that WM’s magnocel-
lular system may be responsible for his colour blindsight,
we would suggest caution. Quite apart from the difficulty
in making a conceptual leap from psychophysical data to
physiological models, there are aspects of these results
which do not fit what is known about chromatic response
from the magnocellular system. Our chromatic discrimina-
tion test used stimuli which contained different luminances
within each of the two parts of the screen to be compared,
and a bright white buffer zone between the two halves of
the screen. The findings of Lee et al. [11] suggest that the
magnocellular system can respond to the presence of a
red–green border, even at isoluminance. However, there is
no evidence to suggest that this system can integrate colour
across many (luminance) borders, which is a primary
requirement of any ‘colour’ system such as the one we
assume to be acting in the chromatic discrimination test.
So, while we cannot specifically exclude the possibility that
the magnocellular system is responsible for our findings,
neither can we argue that this is supported by any single-
unit data. Furthermore, the results of the ‘monochrome’
conditions of the chromatic discrimination test show that
both subjects performed poorly with these stimuli (worse
than a control subject). This implies that WM does not
have a normal magnocellular or parvocellular pathway.
Are there any alternatives? One intriguing possibility lies in
the action of a third system, the K (or koniocellular) system
described by Cassagrande [13]. This projects to the colour
blobs in visual area 1 (V1), but is not thought to be respon-
sible primarily for colour vision. Rather, Cassagrande argues
that it may have a neuromodulatory function. It appears to
be involved in eye-movement control and may therefore
have sensitivity to rather higher temporal frequencies than
the parvocellular system. Unfortunately, there are few
physiological data on the workings of this system. We
mention it here partly to counteract the tendency of most
researchers to concentrate purely on the magno-parvocellu-
lar dichotomy while ignoring a third, presumably impor-
tant, set of neurons. A measure of its importance may be
that its number of constituent units is roughly the same as
the number of magnocellular units in the macaque monkey
(about 10 % of retinal ganglion cells).
We therefore conclude that our findings, while not provid-
ing unambiguous evidence for the involvement of a partic-
ular non-parvocellular system colour discrimination, do
imply that such a second system may be involved. There
is an intriguing possibility that this may be the K system,
but this would have to be supported by physiological data.
Another study has shown that, in subjects with normal
vision, 25 Hz luminance noise can affect the chromatic
contribution to the detection of a stimulus. Troscianko
[25] showed that both the detectability of motion and the
duration of the motion aftereffect are affected by the pres-
ence of such noise. So, there is some support in favour of
similar mechanisms in normal, as well as achromatopsic,
visual systems. Their function is revealed by comparing
performance with monochrome stimuli against perfor-
mance with stimuli which have added colour modulation
but the same luminance as the monochrome stimuli. Note
that such a comparison cannot be achieved using purely
isoluminant stimuli.
What are the implications of these results for understand-
ing normal vision? Consider a real-world scene containing
objects of different colours. Typically, each object-bound-
ary will have an associated luminance change (if it did not,
monochrome photography could not work). There is there-
fore a co-variation between colour and luminance in the
visual environment. The present results suggest that the
visual system contains units which respond to such co-vari-
ation while signaling a percept of brightness. In other
words, colour information may potentiate the action of
units which normally encode brightness, and the conscious
percept is of brightness. Psychophysical evidence for such
colour-luminance conjunction units is emerging [25,26].
Potential candidates for such units are cells which can
learn that luminance changes are accompanied by colour
changes. A possible model of such cells is provided by
classical conditioning, or Hebbian learning [27]. Here, a
cell is responsible for mediating the presence of the
unconditioned stimulus — in this case, brightness.
However, a conditioning stimulus (colour), which is nor-
mally associated with the unconditioned stimulus, will
potentiate the cell’s activity. The cell has ‘learned’ about
the co-variation of colour and luminance. Such an explana-
tion is extremely speculative, but may be testable by
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adaptation techniques such as contingent aftereffects.
Some preliminary data supporting the possibility that WM
has a visual system which adapts to the coincidence
between luminance and colour were reported recently
[28]. A more detailed theoretical treatment of similar ideas
can be found in literature on neural networks [29,30].
What did the stimuli look like to our subjects? They were
unable to name any of the (highly saturated) colours on
the screen. They did, however, remark that the red–green
stimuli looked different from the green–green (mono-
chrome) stimuli. They tended to describe the difference
as enhanced luminance contrast, which is in keeping with
the explanation above. Beyond this, they found it hard to
describe the differences. There is an apparent similarity
here with the achromatopsic painter described by Sacks
[31]. Sacks says of him that he preferred to watch black-
and-white TV rather than colour TV because “he thought
that the tonal values of ‘decoloured’ colour TV seemed
different, less ‘normal’, than those of a ‘pure’ black-and-
white set.” Our subjects may have been trying to say
something similar.
The present work suggests that the human visual system
may contain a greater diversity of routes for chromatic
information than was assumed previously. The experi-
mentation is, of necessity, indirect. However, the data
here begin to provide an answer to the following questions
posed by Julesz [32] in his list of unresolved questions in
visual perception: “Is color utilised by the magnocellular
system... and can such neurophysiological problems be
decided by psychological methods?” Our tentative
answers are that colour is used by a non-parvocellular
system (although we cannot be sure which), and that the
psychological methods used here do seem to provide a
tool for answering such questions.
Conclusions
Our results show that one of the two achromatopsic sub-
jects tested may base his unconscious chromatic discrimi-
nation on a neural mechanism which responds to fast
flicker, is spectrally non-opponent, and supports normal
motion perception. This mechanism is therefore unlikely
to be the normal parvocellular channel, which is generally
assumed to be responsible for colour vision. The other
subject appeared to be using the residual function of a
normal parvocellular opponent mechanism. Chromatic
information may therefore be encoded by several dis-
tinctly different neural channels.
Materials and methods
Subjects
HJA is male, aged 70, and had a bilateral stroke of the occipital cortex
10 years previously. His case is well documented [17,33]. He shows
visual object agnosia (inability to identify common objects) and
prosopagnosia (inability to recognise faces). In spite of his inability to
be conscious of seeing colour, HJA performed well on tests of colour
vision such as the Ishihara pseudoisochromatic plates and showed a
colour component in the visual evoked potential [17]. This suggests
that HJA’s colour vision might be similar to, but weaker than, that of
‘normal’ subjects. WM is male, aged 74, and had a bilateral stroke of
the occipital cortex about 8 years previously. His visual object agnosia
and achromatopsia are similar to HJA’s but he performs at chance on
colour-vision tests. His condition is also well documented in the litera-
ture [34,35]. We can exclude the possibility that he is a dichromat as
his anomaloscope matches do not exhibit attenuation of the brightness
of either a red or a green field. Furthermore, his previous history —
screening for his job as an electrician and screening in the Swiss army
— make the probability of dichromacy very low.
Red–green colour and luminance discrimination task with 
added noise
We tested both patients’ colour discrimination using a novel computer
test. A monitor screen contained two fields which could differ in colour
(red or green), or luminance, or both. The monitor was a Digivision 14-
inch (35 cm), model no CD14 3112 H3. Frame rate was 50 Hz (non-
interlaced). Half the screen was blanked off with black card as there is
an artefact in most video screens by which the luminance of a given
colour decreases if its total area is increased; this results from imper-
fect EHT control of the guns. The software inserted ‘dummy’ areas of
red and green in the invisible portion of the screen to keep the total
area of each colour equal across stimuli; this was verified with a
Minolta Spot Chroma meter, model CS-100. Stimuli were generated
on a Pluto II system (Electronic Graphics) controlled by a PC with 8-bit
control over the luminance from each gun, allowing 256 levels of red,
green and blue. The mean luminance of the reference half of the screen
was 3.5 cd m–2, measured with the Minolta meter. The CIE chromaticity
coordinates (x,y) of the red and green phosphors were (0.61,0.34) red,
and (0.32,0.58) green (measured with the same meter). Viewing dis-
tance was 1 m. The subtense of the visible portion of the screen was
7.5 deg (h) by 12.5 deg (v). Subjects saw two screens (separated in
time), one of which contained a difference between the top and bottom
halves (in colour, luminance or both) and the other did not (both halves
were the same). Each screen was presented for 1 sec, with a 1 sec
inter-stimulus interval. Auditory warning of each screen was given, as
was auditory feedback about correct/wrong response after each trial.
Between stimuli, the screen consisted of a jumbled set of block pixels
randomly taken from all parts of the target stimulus (and therefore had
the same mean colour and luminance as the stimuli, but no useful infor-
mation for the task). Each patient’s isoluminant point between the red
and green fields was measured using flicker photometry and was then
bracketed in small steps in case it did not represent the exact point at
which the two colours had equal effective luminance.
Heywood et al. [16] required their patient to select the odd one of
three square patches separated vertically. The oddity consisted of a dif-
ference in hue or brightness. Their patient could perform above-chance
when presented with two contiguous colours, but was at chance when
an achromatic buffer separated the two fields. Such an intense local
discontinuity in colour and luminance must disrupt weak edge signals
of both the magnocellular and parvocellular systems; the task thus
required the visual system to pool information from the stimulus fields
rather than just the line where they met. We made an analogous dis-
tinction by studying performance with and without a white buffer: a
bright white horizontal dividing bar between the top and bottom parts
of the stimulus, having a width of 0.7 deg and a luminance of 85 cd m–2
(much higher than other parts of the stimulus). 
Different temporal frequencies of luminance noise were added to the
image in a way described below, similar to that used by Heywood et al.
[18]. The luminance contrast of the noise was always 50 % when it was
present (this refers to the contrast between the light and dark patches
of noise in each part of the display). The mean luminance of each field
was controlled by the computer. 25 Hz dynamic noise does not get
encoded by the parvocellular system, whereas 0 Hz (static) noise (at
50 % luminance contrast) provides an input to both magnocellular and
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parvocellular systems (but is particularly preferred by the parvocellular
system). This is strongly supported by physiological data [5,36]. So, if
either system were contributing to colour discrimination, we would
expect it to be ‘jammed’ by its optimal noise stimulus in the same way
as a weak radio signal is masked by a strong signal occupying the
same transmission channel. Dynamic noise would mask colour vision
mediated by the magnocellular system, or any other system tuned to
high temporal frequencies. Static noise would impair a weak chromatic
response in both systems.
Dynamic luminance noise was added to the display by creating two
representations of the stimulus in the Pluto memory. These representa-
tions had the same overall spatial structure but the block pixels (0.4
deg square) of the stimulus had, in the case of luminance noise, a lumi-
nance of either L + l or L – l (both cases randomly selected and
equiprobable) where L was the luminance necessary to produce a
given contrast against the constant reference field and l was set so that
the contrast between the light and dark blocks was 50 % (if noise was
present). The value of l was zero in the no-noise condition. The Pluto
display window was panned in the blanking interval between frames to
one or other stimulus representation, in alternation; so that the next
frame, 20 msec later, would show the same block pixel with its noise
luminance reversed. Thus, each block pixel’s luminance was refreshed
at 25 Hz (square-wave modulation) from L – l to L + l. The display
appeared to ‘shimmer’ at this frequency; the percept was not unlike
looking at a scene through a snowstorm of selectable contrast. The
temporal frequency content of the dynamic noise was therefore all at
25 Hz and multiples thereof; there was no energy below this value, and
therefore nothing detectable by the parvo-opponent system.
Static noise involved no refreshing of the block pixels’ luminance
values. The noise was therefore present throughout the display time of
each stimulus, and looked like a portion of a random-dot stereogram.
Figure 1 shows an example of a monochrome and a red–green stimu-
lus with the bright white buffer. The static luminance noise can be seen
in each hemifield.
Red–green stimuli
The non-target stimulus was green both on top and bottom, and the
luminances of the top and bottom were equal. Each half of the stimulus
contained the appropriate level and type of luminance noise (static,
dynamic or none) but there was no overall difference between the two
halves. If there was a white buffer strip, such a presentation can be
called G–W–G (green–white–green). Without a buffer strip, it is G–G.
The target stimulus had either the top or bottom part coloured red, and
the other part was green. There was therefore a colour contrast
between the two halves. The position of the red part (top or bottom)
was randomly decided. In the case of isoluminant stimuli (correspond-
ing to a value of zero on the luminance axes in Figure 2) there was no
overall luminance contrast between the red and green fields. For non-
zero luminance contrasts the luminance of the green reference field
was either decreased (negative values on abscissa) or increased (posi-
tive values) while the luminance of the red field remained constant. In
these cases, there was luminance and colour contrast between the two
parts (top and bottom) of the display. These stimuli may be described
as R–W–G or G–W–R in the presence of a white buffer, and R/G or
G–R in the absence of the buffer. Each red and green part contained
the appropriate type of local luminance noise (static, dynamic, or none).
To a subject without colour vision (achromatopsic or dichromatic) the
red and green noise fields appeared identical in the isoluminant condi-
tion; this was achieved by careful gamma correction of each gun of the
monitor and was verified with both types of subject.
Monochrome stimuli
The non-target stimulus was exactly the same as a non-target stimulus
in the R–G experiment: a screen in which both top and bottom parts
were green, without any overall luminance difference between them, but
with identical noise of the appropriate type. These stimuli are therefore
G–W–G or G–G depending on whether the buffer strip was present or
not. The target stimulus was again G–W/G or G–G but now one half of
the stimulus (equiprobably top or bottom) had a higher or lower lumi-
nance than the constant reference half. This was true for all stimuli
except those with a luminance contrast of zero in Figure 2. These were
catch stimuli in which there was no difference at all between target and
non-target stimuli — all contained identical fields and chance perfor-
mance was expected. This was basically a test of the degree of ran-
domness of the computer presentation: a strongly non-random stimulus
selection would allow the subject to learn to perform at above-chance
levels without a visual stimulus. This was never observed in the data.
For all stimuli with non-zero contrast, their top and bottom parts had dif-
ferent luminance. They can be characterised as G–G or G–W–G
stimuli.
Subject’s task
Each subject was told that he would see two stimuli, each preceded by
a warning tone from the computer. He was told that one stimulus would
contain no difference between the top and bottom parts of the screen,
whereas in the other stimulus (the ‘target’) there would be an overall dif-
ference between the two halves of the screen. This difference could be
of luminance alone, or of colour, or of both. However, the achromatopsic
subjects perceived only differences of brightness between the two
halves of the screen. Their task was to say which stimulus was the
target. In all trials, the subject had to press a button labelled ‘1’ or ‘2’
according to which stimulus (first or second) was the target. The task
was therefore a two-interval, forced-choice, method of constant stimuli.
Auditory feedback was given after each trial to indicate whether the
response had been correct or not. The subject was not asked to report
the nature of the perceived difference (and, indeed, found it hard to do
so). Sufficient practice was given to ensure that each subject showed
good (above-chance) performance in at least some conditions. Pilot
experiments were carried out to find a range of stimulus contrast values
which was sufficiently broad and yet did not extend the testing period to
unmanageable durations. Breaks were given whenever required — the
computer program would pause if no response was made within 10 sec
of the second interval being shown. All conditions were presented in
randomised order (a process controlled by the computer). Stimuli were
presented in blocks of ten pairs, with each condition being a cumulative
sum of ten such blocks. The dependent variable (% correct score) was
thus based on ten measures, each measure obtained from one block of
ten stimulus pairs. All the data for conditions with the white buffer and
noise (static or dynamic) were obtained in a single testing session. Data
on other conditions (no buffer, and white buffer without noise) were
obtained on separate occasions.
Brightness additivity test
This experiment used a simple technique which relies on the fact that
monochromatic red and green lights appear brighter than monochro-
matic yellow lights of the same luminance. We used a standard anom-
aloscope (Nagel in the case of WM; Pickford-Nicholson in the case of
HJA). Each subject was presented with a split-field stimulus, consisting
of a monochromatic red field on the left and a monochromatic yellow
one on the right, and asked to equate the perceived brightness of the
two fields. Next, the left stimulus was replaced with a monochromatic
green stimulus of the same luminance, and the subject was again
asked to make a heterochromatic brightness match. Finally, the left
stimulus was set to an equal mixture of the red and green stimuli, which
looked yellow to a normal observer. The subject was again asked to
equate the brightnesses of the two hemifields. If brightness additivity
were perfect, then we would expect the last luminance to be the same
as the arithmetic mean of the previous two. The extent of the failure of
this process of additivity can be expressed as a ratio of the actual
chosen luminance in the last condition to the luminance which would
show additivity. A number of less than unity indicates a failure of additiv-
ity. These measures were taken five times each and a mean obtained.
Four normal subjects were tested as controls. Two were authors of this
paper (TL and TT), and two were undergraduates naive to the purposes
of the experiment. All four had normal colour vision, as determined by
anomaloscope matches. All gave non-additivity values in line with
reported data in the classic literature on the topic.
Spectral sensitivity test
This experiment measured the spectral sensitivity functions of WM and
two normal controls, on light- and dark-adapting fields. The stimulus
parameters were chosen to be as similar as possible to those used by
Heywood et al. [16]. Subjects were shown a 2 deg (approximately) test
spot with a duration of 500 msec, on either a light (19 cd m–2) or a dark
(0.3 cd m–2) background. A method of limits was used to determine the
increment threshold for each test wavelength used. The wavelength
bandwidth of each test spot was approximately 10 nm. Each value rep-
resents the mean of three repetitions. The prediction was that WM’s
curve would have a single peak at about 550 nm (the same shape as
the V(l) function) in both conditions. Normal subjects show three
peaks in the light-adapted condition and one peak in the dark-adapted
condition [22]. Two authors of this paper (MF and TT) served as
control subjects.
Spatio-temporal contrast sensitivity test
We tested the spatio-temporal contrast sensitivity function of WM’s
visual system, using a VSG system (Cambridge Research Systems)
and an adaptive procedure for the measurement of thresholds. Con-
trast thresholds and discrimination thresholds were obtained at several
spatial and temporal frequencies. Control data were obtained from an
age-matched subject.
Motion perception test
Georgeson and Shackleton [21] described a stimulus which consisted
of a ‘missing-fundamental’ grating which is presented in an intermittent
way such that, for certain interstimulus intervals (ISIs), ‘feature’ motion is
seen in one direction, and ‘energy’ motion is seen in the opposite direc-
tion. (Here, feature refers to edges of a fixed polarity, and energy to the
Fourier composition of the display). For normal subjects, a crossover
point occurs at which no overall motion is seen. This represents the
crossover point between seeing feature and energy motion, also
referred to as long-range and short-range motion. A normal crossover
point together with the appropriate percept on either side of it is indica-
tive of a normally-functioning motion system. We tested subject WM
using a stimulus which was very similar to the one used by Georgeson
and Shackleton, in order to see whether his motion perception showed
a crossover at the same ISI as an age-matched control subject. The
stimulus was a missing-fundamental grating presented on a Tektronix
608 oscilloscope with a green (P31) phosphor and a frame rate of
100 Hz, and a luminance of approximately 28 cd m–2. The period of the
grating stimulus was 1 c/deg. The stimulus was presented in apparent-
motion with different ISIs and the subject had to respond to whether the
stimulus was seen to be moving left or right (forced-choice).
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